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GRAIN-COARSENING  RESISTANCE  AND  THE  STABILITY  OF  SECOND-PHASE  DISPERSIONS  IN 
RAPIDLY  SOLIDIFIED  STEELS 


G.  B.  OLSON,  H.  C.  LING*,  J.  S.  MONTGOMERY,  J.  B.  VANDER  SANDE,  AND  M.  COHEN 
MIT,  Cambridge,  MA;  *now  at  Western  Electric  Engineering  Research  Labs., 
Princeton,  NJ,  USA  J 


ABSTRACT 

Control  of  alloy  composition  and  processing  to  achieve 
grain  coarsening  resistance  in  rapidly-solidified  alloys 
is  examined  via  the  theory  of  grain  boundary  pinning  and 
particle  coarsening.  The  principles  are  illustrated  for 
the  case  of  manganese  sulfides  in  steels.  A  thermodynamic 
survey  of  potential  stable  dispersed  phases  identifies  TiN 
and  rare-earth  sulfides  as  particularly  promising  for  alloy 
development  via  rapid  solidification. 


INTRODUCTION  ,  f 

j 

An  investigation  of  the  tempering  and  grain  growth  behavior  of  rapidly  solidi-  'l 
fied  Ni-Co  and  Mo  steels  has  revealed  a  remarkable  resistance  to  high  tempera-  l 
ture  grain  coarsening  [1],  At  12Q0C  where  conventionally  processed  steels  1 

coarsen  to  austenitic  grain  sizes  of  several  hundred  microns,  the  rapidly  solidi-  | 

fied  (RSP)  steels  retain  a  grain  size  of  10-20  pm.  Electron  microscopy  suggests  ] 
that  the  coarsening  resistance  is  due  to  finely  dispersed  stable  inclusions,  | 

principally  sulfidas,  which  can  maintain  a  'vO.l  ym  particle  size  during  high  I 

temperature  austenitizing.  This  coarsening  resistance  is  of  potential  benefit  f 

to  the  mechanical  properties  of  steels  for  which  high  austenitizing  temperatures  ; 

have  been  found  to  improve  sharp-crack  fracture  toughness  (Kig)  but  with  losses  t 

in  other  fracture  properties  associated  with  grain  coarsening.  Preliminary  1 

toughness  measurements  on  the  rapidly  solidified  steels  have  revealed  Kjc  values 
equal  to  or  superior  to  conventionally  processed  material,  and  substantial  in-  .] 
creases  with  high  austenitizing  treatments  have  been  obtained  without  dele-  1 

terious  grain  coarsening  [2],  1 

In  view  of  the  potential  importance  of  this  phenomenon,  the  control  of  boun¬ 
dary  pinning  dispersions  is  here  assessed  in  light  pf  the  theory  of  grain  1 

boundary  pinning  and  particle  coarsening,  and  the  relative  thermodynamic  stabili¬ 
ty  of  potential  dispersed  phases  in«  steels  is  surveyed  to  provide  alloy  design  (  '■ 

guidelines  for  rapid  solidification  processing.  !  ■■ 

1  1 

GRAIN  BOUNDARY  PINNING  AND  PARTICLE  COARSENING  '  ; 


Several  detailed  treatments  [3-5]  have  extended  the  original  model  of  Zener 
[6]  for  the  pinning  effect  of  second-phase  particles  on  grain  boundaries.  These 
models  can  be  used  to  predict  a  limiting  grain  size  at  which  the  driving  force 
for  grain  growth  is  balanced  by  the  particle  pinning  force.  The  model  of 
Gladman  [3],  which  has  been  quantitatively  applied  to  the  grain  coarsening  of 
austenite  [7],  predicts  a  limiting  grain  size  expressed  by': 

2R  c  T  fY"  “  T  )  •  (1) 

where  R  is  the  limiting  grain  radius,  r  is  the  mean  particle  radius,  f 


jj 
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the  particle  volume  fraction,  and  Z  is  a  grain  size  distribution  parameter 
(ratio  of  the  largest  to  the  average  grain  size)  determining  the  driving  force 
for  grain  growth.  As  in  all  such  pinning  models,  the  limiting  grain  size  is 
proportional  to  r  and  inversely  proportional  to  fv.  For  a  given  fv,  then, 
grain  size  is  minimized  by  finely  dispersing  the  pinning  particles  (reducing  r), 
and  grain  growth  governed  by  this  force  balance  will  be  controlled  by  the  par- 
tide  coarsening  behavior  which  then  controls  r.  j 

For  the  case  of  small  fv  and  uniform  dispersions,  the  volume-diffusion  con-  ‘ 
trolled  coarsening  of  second-phase  particles  can  be  adequately  treated  by  the 
Lifshitz-Slyozov-Wagner  (LSW)  theory  [8,9],  as  applied  to  the  case  of  binary 
compounds  in  a  matrix  of  a  third  element  by  Bhattacharyya  and  Russell  [10]: 


-3  -  3  _  8  DC  '  .  „  2, 

r  ■  ro  -  9-0—  0  Vp  *•  <2) 

Here,  r  is  the  initial  particle  radius,  D  and  C  are  the  diffusivity  and  con¬ 
centration  in  solution  of  the  rate-controlling  species,  Rg  the  gas  constant, 

T  the  absolute  temperature,  a  the  particle  surface  energy,  Vp  the  particle 
molar  volume,  and  t  the  heat  treatment  time.  The  rate  controlling  species  is 
that  for  which  the  product  DC  is  smallest. 

A  recent  study  of  particle  coarsening  in  rapidly  solidified  aluminum  alloys 
[11]  indicates  that  accelerated  boundary-diffusion  controlled  coarsening  can  be 
important  at  lower  temperatures,  but  that  the  volume-diffusion  controlled  be¬ 
havior  of  equation  2  obtains  in  the  higher  temperature  regime  of  interest  here. 
Combining  equations  1  and  2  then  predicts  a  t>'3  time  dependence  for  particle- 
pinning  controlled  grain  coarsening. 

Considering  a  compound  precipitate  of  the  form  MX  and  expressing  the  wt.% 
contents  of  each  element  as  M  and  X  with  [M]  and  [X]  the  wt.%  concentrations  in 
solution,  the  volume  fraction  of  precipi  ;ate  and  concentrations  in  solution  can 
be  expressed  by: 

*  _  1  pm  Al  +  AXW  X  .  M  v. 

fv~  TO  p”  (  2 - ^  H  (3a) 


CM]  -  H  -  4  (JL  +4)*  (3b) 

6  \  /VM 

[X]  =  X  — jj-  (^p  +  )  <f>  (3c) 

X  M 

where  *  -  1  -  [1  -  ^-^2  (MX  -  K$)]1/2  ,  (3d) 

Here,  p  and  p  are  the  matrix  and  particle  densities,  and  A^  are  the  atomic 
weights  of  M  and  X,  and  Ks  is  the  equilibrium  solubility  product  for  the  MX 
compound  expressed  by:  1 

Ks  -  [M][X]  -  Kq  exp(-H/RgT),  (4) 

with  H  the  heat  of  solution  and  K0  a  constant.  Concentrations  in  solution  can 
be  converted  to  the  appropriate  units  (moles/volume)  for  equation  2  by  the 
relations: 
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Fig.  1.  Volume  fraction,  fv,  of  MnS 
vs.  alloy  Mn  content  for  three  S 
levels  at  9Q0C  and  120QC. 
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Fig.  2.  Concentrations  of  S  and  Mn  in 
solution. 


with  Vm  and  Am  the  molar  volume  and  atomic  weight  of  the  matrix.  Equations  3a- 
d  show  that  for  a  given  alloy  composition,  fv  is  increased  and  [M]  and  [X]  are 
decreased,  promoting  boundary  pinning  and  low-particle  coarsening,  if  the 
solubility  product  Ks  is  small.  Further  analysis  shows  that,  for  a  given  com¬ 
position  product  MX,  fv  is  maximized  when  the  ratio  of  M  to  X  is  that  of  the 
particle  stoichiometry.  Another  property  of  compositions  in  the  stoichio¬ 
metric  ratio  is  that  C^j  and  Cx  are  then  equal  which  guarantees  coarsening  rate 
control  by  the  slower  diffusing  species  via  the  DC  product  in  equation  2. 

These  features  are  illustrated  in  further  detail  for  the  case  of  MnS  in  auste¬ 
nitic  iron  in  Figures  1  to  4. 

Figure  1  shov/s  the  calculated  volume  fraction  of  sulfides  versus  alloy 
manganese  content  for  three  sulfur  levels  (in  wt.%)  at  900  and  1200C  based  on 
available  solubility  data  [12],  If  MnS  were  completely  insoluble,  fv  would 
follow  the  dashed  diagonal  line  until  all  the  sulfur  v/as  removed  front  solution 
as  represented  by  the  dashed  horizontal  lines.  The  actual  temperature-depen- 
dent  solubility  gives  the  behavior  depicted  by  the  solid  curves.  Heavy  points 
correspond  to  the  stoichiometric  ratio  compositions.  The  heavy  curves  repre¬ 
sent  a  typical  sulfur  content  of  0.01  wt.%  for  commercial  steels,  for  which  it 
is  seen  that  an  fv  of  ^.1%  is  maintained  at  1200C  over  the  typical  composition 
range  of  0.2  to  1.0  wt,%  Mn, 

Corresponding  matrix  concentrations  of  S  and  Mn  are  presented  in  Figure  2, 
showing  the  general  decrease  of  [S]  and  increase  of  [Mn j  with  alloy  Mn  content. 
At  alloy  compositions  high  enough  to  exceed  the  solubility  product,  as  repre¬ 
sented  by  the  0.1$  curves,  maximum  rates  of  decrease  of  [S]  and  increase  of 
[Mn]  occur  at  the  stoichiometric  ratio  compositions  marked  by  the  heavy  points. 
At  lower  S  contents  the  [S]  curves  flatten  and  [Mn]  curves  become  linear  when 
complete  dissolution  of  MnS  occurs. 

Using  available  diffusivity  data  for  Mn  and  S  in  austenite  [13,14],  taking 
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Fig,  3.  Calculated  MnS  coarsening  Fig.  4,  Summary  plot  for  Q ,01 S  at 
increment  for  one  hour  at  9Q0C  and  120QC  including  linear  intercept  grain 
1200C,  size  in  (d), 

a  as  1  j/nr,  and  incorporating  the  calculated  matrix  concentrations  of  Figure  2, 
particle  coarsening  increments  for  one-hour  treatments  according  to  equation  2 
are  shown  in  Figure  3.  The  maximum  coarsening,  which  occurs  at  the  boundary 
between  Mn  and  S  diffusion  control,  is  insensitive  to  S  content  and  occurs 
right  in  the  range  of  Mn  contents  of  commercial  steels.  The  coarsening  in¬ 
creases  by  an  order  of  magnitude  going  from  900  to  12Q0C.  Coarsening  can  be 
significantly  decreased  using  the  stoichiometric  compositions  (heavy  points) 
for  which  Mn  diffusion  controls,  but  this  is  not  practical  in  this  particular 
case  primarily  due  to  the  need  for  high  Mn/S  ratios  to  avoid  low  melting  point 
iron  sulfides  and  the  undesirability  of  S  in  solution  due  to  its  embrittling 
effect. 

Results  of  these  calculations  for  the  case  of.  0.01S  at  120QC  are  combined 
in  Figure  4.  Figure  4d  shov/s  the  predicted  linear  intercept  grain  size  from 
equation  1  using  Z  =  1.5  based  on  the  austenite  grain  coarsening  study  of 
Gladman  and  Pickering  [7]  and  taking  r  =  100  A  from  observations  on  a  rapidly 
solidified  high-sulfur  steel  [15],  In°spite  of  the  coarsening  peak  in  Figure 
4c,  the  composition  dependence  of  fv  in  Figure  4a  gives  a  grain  size  of  ^20  ym 
which  is  fairly  insensitive  to  Mn  content  over  the  commercial  alloy  range.  At 
the  sulfur  content  of  0.01S,  use  of  a  stoichiometric  Mn  content  is  not  possible 
due  to  complete  dissolution  of  the  sulfides.  Some  improvement  in  grain  refine¬ 
ment  could  be  obtained  by  increasing  Mn  to  ^2%, 

Defining  a  coarsening  increment  as  <S  =  (r3  -  r  03)^>  it  can  be  seen  that 
when  r0  >  25,  r  is  dominated  by  the  initial  particle  size,  and  when  r0  <5/2, 
r  is  dominated  by  coarsening.  Hence,  for  the  5  associated  with  a  given  heat 
treatment,  there  is  no  advantage  in  making  fv  any  finer  than  6/2.  For  the 
coarsening  increments  of  Figure  4c,  the  100  A  particle  radius  that  can  be  ob¬ 
tained  by  rapid  solidification  is  sufficiently  fine  to  take  full  advantage  of 
the  stability  of  MnS  as  a  grain  refining  dispersion. 
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Fig.  5.  Experimental  and  calculated  solubility  products  for  compounds  iri 
austenitic  iron. 

» 

Further  improvement  in  coarsening  resistance  could  be  obtained  by  dispersing 
more  stable  compounds.  For  example,  substitution  for  Mn  by  a  stronger  sulfide 
former  with  a  lower  solubility  product  could  move  the  fy  curve  of  Figure  4a  to 
the  left  allowing  use  of  a  stoichiometric  composition  with  reduced  coarsening 
while  also  lowering  [S],  To  this  end,  the  relative  thermodynamic  stability  of 
potential  dispersed  phases  in  steels  has  been  surveyed. 

THERMODYNAMIC  STABILITY  OF  COMPOUNDS  IN  STEELS 

The  equilibrium  solubility  product  for  an  MX  compound  in  an  alloy  can  be  de¬ 
rived  from  the  relation 

ln  Wxcx 3  "  rr  ’  (6) 

•  9 

where  c^  and  c«  are  the  concentrations  of  M  and  X  in  solution  (expressed  as 
atom  fractions),  y^  and  Yx  are  t*1e  activity  coefficients  of  M  and  X,  and  AG  is 
the  free-energy  of  dissociation  of  MX.  For  dilute  solutions,  y^  and  yy  are 
approximately  constant  (Henry's  law)  and  equation  6  then  leads  to  a  composition 
independent  solubility  product  of  the  form  of  equation  4. 

Experimentally  determined  solubility  products  for  relatively  stable  com¬ 
pounds  in  steels  over  the  temperature  range  of  900  to  1200C  are  summarized  in 
Figure  5a.  Included  are  results  for  Nb(C,N)  and  A1N[7],  MnS[12],  VN  and  TiC 
[16],  and  TiN[17],  In  order  to  explore  further  compounds  for  which  experimen¬ 
tal  solubility  data  is  not  available,  approximate  solubility  products  were  esti¬ 
mated  from  available  thermochemical  data  for  compound  free-energies  of  forma¬ 
tion  [18-21]  according  to  equation  6  adopting  the  assumption  Yj^Yx  =  1  corres¬ 
ponding  to  an  ideal  solution.  This  gives  the  results  presented  in  Figure  5b. 
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TABLE  I 

Solubility  Products  for  Compounds  in  Austenite 


VN  -8330/T  +  3.46  -7242/T  +  3.32 
NbC  -6770/T  +  2.26  -9516/T  +  4.39 
TiC  -7000/T  +  2.75  -1047Q/T  +  4.91 


MnS  -9020/T  +2.93 

AIN  ’  '  -7500/T  +  1.48  -12882/T  +  5.09 
TiBp  -  ••  — 1 4964/T  +  5.67 
TIN  -8000/T  +0,32  -14990/T  +4.39 


I 


! 
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While  this  approximation  provides  a  rough  guide  to  relative  solubilities, 
direct  comparisons  in  those  cases  where  experimental  information  is  available 
(e.g.  TiC,  MnS,  AIN,  TiN)  shows  significant  discrepancies. 

As  a  further  refinement  of  the  solubility  calculations,  available  subregular 
solution  model  interaction  parameters  [22]  were  used  to  estimate  activity  coef¬ 
ficients  for  solutes  in  austenitic  iron.  As  a  more  direct  comparison  with 
experiment,  activities  were  estimated  for  the  same  C,  Mn,  and  Si  contents  as 
for  the  steels  on  which  the  experimental  data  of  Figure  5a  were  obtained. 

These  results  a^e  summarized  in  Figure  5c  and  the  temperature-dependent  solu-  ■ 
bility  products  are  compared  against  the  experimental  data  in  Table  I.  Allow¬ 
ing  for  the  very  approximate  nature  of  the  estimated  interaction  parameters  for 
the  case  of  VN,  agreement  between  theory  and  experiment  is  excellent  at  high 
temperatures.  The  predictions  for  TiC  and  TiN  are  also  in  good  agreement  with 
a  similar  calculation  by  Hoch  and  Chen  [23],  In  general,  the  predicted  slopes 
in  Figure  5c  are  steeper  than  for  the  experimental  data  of  Figure  5a.  The 
experiments,  in  which  alloys  were  cooled  to  temperature  and  held  for  only  one 
hour,  may  overestimate  solubilities  at  lower  temperatures  v/here  equilibrium 
may  not  have  been  achieved. 

Combining  the  information  available  from  Figure  5  provides  some  guidance 
in  the  selection  of  dispersed  phases  in  rapidly  solidified  steels.  The  ex¬ 
perimental  data  of  Figure  5a  suggest  that  MnS  is  not  intrinsically  more  stable 
than  AIN;  the  higher  relative  stability  indicated  in  rapidly  solidified  steels 
may  be  due  to  the  greater  Mn  contents  employed  relative  to  typical  A1  contents. 
The  calculations  verify  that  Ti B2 »  which  has  been  successfully  used  in  rapidly 
solidified  nickel-base  alloys  and  some  steels,  is  indeed  quite  stable,  but  it 
appears  that  TiN  is.  even  more  stable.  Also  of  interest,  based  on  the  ideal 
solution  estimates  of  Figure  5b,  are  the  extremely  stable  rare-earth  sulfides 
which  may  exhibit  sufficient  solubility  in  the  liquid  to  allow  dispersion  by 
rapid  solidification  if  oxygen  is  held  to  low  enough  levels. 

Efforts  are  underway  to  obtain  stable  grain  refining  dispersions  of  TiN  in 
gas  atomized  microalloyed  steels,  and  rare-earth  sulfides  in  high-strength 
martensitic  steels.  The  latter  may  allow  the  additional  benefit  of  eliminating 
manganese  from  steels  thereby  improving  resistance  to  stress  corrosion  and 
hydrogen  embrittlement  [24]. 

CONCLUSIONS 

An  extreme  resistance  to  high  temperature  grain  coarsening  can  be  obtained 
by  finely  dispersing  stable  phases  via  rapid  solidification.  The  highest 
coarsening  resistance  is  obtained  from  compounds  of  the  lowest  solubility, 
precipitated  from  alloy  compositions  in  the  stoichiometric  ratio  of  the 
compound.  The  most  efficient  dispersion  involves  an  initial  particle  radius 
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equal  to  half  the  coarsening  increment  (r^-  r  ^  for  the  desired  heat 
treatment  conditions.  Finely  dispersed  manganese  sulfides  can  provide  excep¬ 
tional  grain  coarsening  resistance  at  1200C  in  commercial  steels,  but  several 
other  compounds,  most  notably  TiN  and  rare  earth  sulfides  should  be  even  more 
effective. 
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